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Abstract 
Urban and peri-urban areas are increasingly called to face with the problem of an increased frequency of flooding events. One of 
the major issue is the evolving climate conditions. The current paper aims to investigate the temporal changes occurring in 
extreme rainfall within the Solofrana river basin (Southern Italy), is an about 200 Km2 peri-urban catchment, where flooding and 
landslides events occurred rather frequently, especially during the last years. Five rain-gauge stations data sub-hourly, hourly and 
daily rainfall data have been tested for temporal trend detection. Rainfall heights, compared to maximum annual average for 
different duration, increase on average of about 5-10% (on a ten year base) and, for a particular rain gauge station, up to 40%. 
The trends appear however significant only for two of the rain gauges, in particular for the two station located on the main relief 
of the investigated watershed.  
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1. Introduction 
Urban and peri-urban areas are increasingly called to face with the problem of an increased frequency of flooding 
events. One of the major issue is the evolving climate conditions. During the past century there has been a growing 
concerns about the impacts of climatic changes, and precipitation trend analysis, on different spatial and temporal 
scales, has been one of the most extensively debated and discussed issues. With reference to the southern regions of 
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Europe (the Mediterranean basin), the AR5 [1] stressed how these areas appear particularly vulnerable to potential 
future alternations of extreme rainy periods and droughts or scarcity of water resources. The Mediterranean basin is 
furthermore characterized by a large precipitation variability at regional scale [2,3,4] which is related to synoptic 
dynamics of hazardous events moving and evolving along the Mediterranean basin [5]. Several studies involving 
Southern Italian regions long-term precipitation databases showed a strong reduction in annual scale precipitation 
[6,7,8]. 
Urban and peri-urban areas are however considerably affected by short term precipitation characteristics, but 
relevant analysis, especially within the geographical investigated context, lack because of the limitation of available 
digitized record. Climate review investigation in southern Italy indicated that there is some evidence of a general 
change in extreme precipitation, even though the sign of the tendency does not appear always the same. In 
Basilicata, [9] found that trends in the extreme daily precipitation have indicated a general downward tendency, with 
an increase in their frequency and intensity, especially in the last decade. In Calabria [10] found that short duration-
high intensity of annual maxima of 1, 3, 6, 12, and 24 h and daily rainfall are characterized by a decreasing trend. 
The current paper aims at the investigation of trend detection and significance for time series of maximum annual 
sub-hourly, hourly and daily rainfall, relevant to the Solofrana river basin, an about 200 Km2 peri-urban catchment 
located in southern Italy. As a first step, precipitation data have been screened to assess data quality, searching for 
potential change points in temporal patterns. Parametric (t-test) and non-parametric (U-test, Pettitt test and 
CUMSUM) statistical tests have been applied to the purpose. Subsequently statistical test have been used to detect 
linear trends magnitude (Sen’s test) and significance (Mann-Kendall test and Pearson test). The catchment under 
investigation has experienced an increase in flooding and landslides events occurrences during the last years fifteen 
years and performed analyses are aimed to understand the role of climate variability in the fragile equilibrium of the 
studied area [11]. 
2. The case study 
The current paper aims to investigate the temporal changes occurring in extreme rainfall within a particular area 
of southern Italy, the Solofrana basin, an about 200 km2 catchment, trough the maximum annual rainfall height 
trends analysis (for different durations), with a statistical approach based on hypothesis tests. The observations refer 
to five rain gauges located close to the Solofrana basin, in the municipalities of Baronissi, Forino, Mercato San 
Severino, Sarno and Serino. Stations location is indicated in the following Figure 1.  
Rainfall data, for different duration and with different consistency, are available from the period 1920-2013, as 
indicated in Table 1, along with more indications about station locations and elevation. Failure in data collection and 
thus missed data has mainly occurred during the period 1940–1950, which is during and immediately after the 
Second World War. 
 
Table. 1 Rain gauge stations metadata indications. 
Station Elevation 
(m.a.s.l.) 
Geographical  
Coordinates 
Period of 
observation 
# of records 
(years) 
Baronissi 260 Lat. 40.751278 Long. 14.766278 1964-2013 48 
Forino 399 Lat. 40.860056 Long. 14.745806 1920-2013 72 
Mercato San Severino 141 Lat. 40.778417Long. 14.752889 1920-2013 77 
Sarno 24 Lat. 40.732028 Long. 14.477250 1919-2013 79 
Serino 327 Lat. 40.891361 Long. 14.844528 1919-2013 76 
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Fig. 1. The area under investigation and recording rain gauging stations considered in the study. 
3. Change point detection 
A homogeneous climate data series is defined as one where variations are caused only by variations in weather 
and climate [12]. Most long-term climatic series are affected by non-climatic factors indeed: changes in instruments, 
station location, station environment and so on make climate data unrepresentative of temporal climate variability. 
Non homogeneities produce either sharp discontinuities or gradual bias in the data, which can be detected with the 
use of statistical tests. A large number of approaches for change point detection have been indeed proposed and 
when applied to the same series, they could actually yield conflicting conclusions, because of different climate 
elements relevant to the time series under investigation [13]. Given to this reason, it could be advisable to apply a 
number of regime shift detection methods and further critically compare them.  
In the current paper, interest is in particular devoted to the detection of shift in the mean of the process and to this 
aim four different approaches have been considered. These are i) the parametric t-test, ii) the non-parametric U-test, 
iii) the non-parametric Pettitt’s test and iv) the cumulative CUMSUM test. These tests were selected due to their 
proven capability in atmospheric studies [14]. Results, in terms of change points occurrences, are then compared to 
metadata indications, in particular about changes in station elevation. As periodicity and autocorrelation in observed 
data could affect the analysis of the test results, the change point detection procedure is here applied with reference 
to annual rainfall time series. A short description of the details of the mentioned tests is given below. 
3.1 Change point detection methods  
The t-test [15] assesses whether the means of two groups (n1 and n2) are not statistically different from each other 
(null hypothesis H0: μ1 = μ2). The t test statistic, which has a Student’s distribution, is defined as: 
ݐ ൌ ሺ௫ҧభି௫ҧమሻ
ඨೄభమሺ೙భషభሻశೄమమሺ೙మషభሻ೙భశ೙మషమ ቀ
భ
೙భା
భ
೙మቁ
ሺͳሻ           
where: ݔҧଵǡ ݔҧଶ= the two samples means, ଵܵଶǡ ܵଶଶ= the two samples variances, ݊ଵǡ ݊ଶ= the two simples size. If the 
calculated t value is above the threshold chosen for statistical significance D, then the null hypothesis H0: μ1 = μ2 
that the two groups do not differ is rejected in favor of an alternative hypothesis, which states that the groups do 
differ (Ha: μ1 z μ2). 
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Pettitt's test is a nonparametric test, that requires then no assumption about the distribution of data. It tests the H0: 
the T variables follow one or more distributions that have the same location parameter (no change), against the 
alternative Ha: a change point exists. If T is the length of the time series, xt = ^x1, x2, …., xt` and xj = ^xt+1, xt+2, …., 
xT`, the non-parametric statistic is defined as: 
ܭ் ൌ ݉ܽݔห ௧ܷǡ்ห                 (1) 
where  
௧ܷǡ் ൌ σ σ ݏ݃݊ሺݔ௧ െ ݔ௝ሻ௝்ୀଵ௧௜ୀଵ          ሺʹሻ
The change-point of the series is located at KT , provided that the statistic is significant. For the change point, the 
probability of occurrences is: 
݌ሺݐሻ ൌ ͳ െ ݁ݔ݌ ൬ି଺௎೟ǡ೅
మ
்యା்మ൰ሺ͵ሻ       
The CUMSUM test is a cumulative test which statistic S is defined as: 
ܵݐ ൌ ܵݐെͳ ൅ ሺݔݐ െ ߤሻ݂݋ݎݐ ൌ ͳǥ Ǥ Ǥ ܶሺͶሻ        
where T is the sample length and μ is the sample mean. The series is homogeneous if S is approximately 0. If St 
shows a maximum (minimum) a negative (positive) shift would be detected. The significance of the shift can be 
evaluated calculating the ’rescaled adjusted range’ variable: 
ܴ ൌ ௠௔௫ௌ೟ି௠௜௡ௌ೟ఙೣ                     (5) 
where VX is the time series standard deviation. Critical values for R are given in [16]. 
The Wilcoxon-Mann-Whitney's test is a nonparametric test used for change point detection. The null hypothesis 
H0 stresses the existence of no change point. The time series is split into two samples (݊ଵ= first sample size, ݊ଶ= 
second sample size) and the following indices are calculated: 
ܷͳ ൌ ݊ͳ݊ʹ ൅ ͳʹ ݊ͳሺ݊ͳ ൅ ͳሻ െ ܴͳ                                                                                                                   (6) 
ܷʹ ൌ ݊ͳ݊ʹ ൅ ͳʹ ݊ʹሺ݊ʹ ൅ ͳሻ െ ܴʹ                                                                                                                   (7) ܶ ൌ ݉݅݊ሺ ଵܷǡ ଶܷሻ                                                                                                                                          (8) 
where ܴଵ= sum of ranks in sample 1, ܴଶ= sum of ranks in sample 2. If the number of elements in each sample is 
larger than 10, T has a standard normal distribution with mean Ɋ் and standard deviation ߪ்: 
Ɋܶ ൌ
݊ͳ݊ʹ
ʹ            ߪܶ ൌ
݊ͳ݊ʹሺ݊ͳ൅݊ʹ൅ͳሻ
ͳʹ                                                                                                                            (99)        
The test statistic Z is then: 
ݖ ൌ ்ିஜ೅ఙ೅                                                                                                                                                                       (10) 
and the null hypothesis H0 is accepted if Z is smaller than the Z-value corresponding to the chosen significance 
level.  
3.1 Change point detection analysis results  
The described tests have been applied to detect non homogeneities within long-term yearly precipitation data set 
of the 5 rain gauge stations in the Solofrana river basin, over the period from 1920 to 2013. For each gauging station 
and for each test, Table 2 indicate the relevant results, for a significance level D = 10%. Metadata have also been 
inspected to search for changes in rain gauge settings, in particular, in station elevation. From this point of view, 
metadata inspection has been considered as an additional test. Regardless for the method, if a change point is 
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detected, a “non-homogeneity” label is associated to the station (for the particular test) and the year of occurrence is 
also provided.  
Table 2 clearly indicates that the five different approaches, applied to a particular time series, have provided 
contrasting results. As a general rules, it has been decided to critically compare the results of the tests and to 
conceptually intersect them. Then it has been assumed that a time series can be defined homogeneous if three of five 
tests provide a favorable result. Homogeneous rainfall time series will be then further analyzed for trend detection.  
As the number of investigated stations is rather limited, comments are provided individually. Illustrations of tests 
application are provided instead for a single station (Baronissi) as an example in Figure 2 and Figure 3.       
 
Fig. 2. Baronissi rain gauge station change point detection test. Left panel: U-test. Right panel: t-test. 
 
CUSUM test (Fig.3 lower panel) and Student's t-test (Fig.2 right panel) both predict a breakpoint occurrence 
around 2008. Metadata, do not indicate changes in the rain gauge location, installed at an elevation of about 30 
meter a.s.l. Detected shift points are not probably related to the station geographical settings but, perhaps, related to 
climate variability, discussed in the following paragraphs. 
CUMSUM test and Pettitt’s test results for Forino data set do not detect a change point, whereas both Student's t-
test and U-test detected it, even though located in different time period, respectively around the year 2002 and 1931. 
The probability of occurrence of the change point provided by the Pettitt’s test is however rather small (p value= 
0.430). Metadata inspection does not indicate changes in the station setting. As  three of five test have provided 
favorable results and a fourth (Pettitt’s test) has yield a very small probability of change point occurrences, the time 
series for the Forino station is further considered ad homogeneous.   
Table. 2 Change point detection analysis results (significance level 10%). Indication of change points occurrence year is also given. 
Station Student's t-test U-test Pettitt's test CUSUM test Metadata 
Baronissi Non homogeneity Homogeneity Homogeneity Non homogeneity Homogeneity 
(2008) - - (2008) - 
Forino Non homogeneity Non homogeneity Homogeneity Homogeneity Homogeneity 
(2002) (1931) - - - 
Mercato San Severino Non homogeneity Non homogeneity Homogeneity Homogeneity Homogeneity 
(1942) (1942) - - - 
Sarno Non homogeneity Non homogeneity Non homogeneity Non homogeneity Non homogeneity 
(1959-1988) (1967-1999) (1941,1988) (1941,1988) - 
Serino Non homogeneity Homogeneity Homogeneity Homogeneity Homogeneity 
(1926) - - - - 
 
Analyzing the results of the tests on Baronissi data set, it appears that both the U-test (Fig.2 left panel) and 
Pettitt’s test (Fig. 3 upper panel) do not predict a change point occurrence.  
CUMSUM test and Pettitt’s test results for Mercato San Severino’s data set do not detect a change point, whereas 
both Student's t-test and U-test detected it around the year 1942. The probability of occurrence of the change point 
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provided by the Pettitt’s test is however rather small (p value= 0.269). Metadata inspection does not indicate 
changes in the station setting. As  three of five test have provided favorable results and a fourth (Pettitt’s test) has 
yield a very small probability of change point occurrences, the time series for the Mercato San Severino station is 
further considered ad homogeneous. 
 
 
Fig. 3. Baronissi rain gauge station change point detection test. Upper panel: Pettitt’s test. Lower panel: CUMSUM test. 
 CUMSUM test, Pettitt’s test and U-test results for Serino data set do not detect a change point, whereas the 
Student's t-test detected it around the year 1926. The reliability of this results is however undermined by the fact that 
the change point detected is located really close to the beginning of the observation. Metadata inspection does not 
indicate changes in the station setting. As four of five test have provided favorable results, the time series for the 
Serino station is further considered ad homogeneous. 
In the case of the Sarno station none of the tests, included the metadata inspection, provided a favorable result in 
terms of time series homogeneity. The time series is then excluded from the following trend detection analysis. 
4. Trend analysis  
Time series of maximum annual rainfall, for different duration (10, 20, 30 min, and 1, 2, 3, 6, 12, 24 h), for 
homogeneous rain gauge stations, have been tested for linear trend detection in time. A trend is a significant change 
over time exhibited by a random variable, detectable by statistical parametric and non-parametric procedures [17]. 
In particular, the current study have provided and compared results for both parametric (Pearson test) and non-
parametric (Mann Kendall test and Sen’s test) approaches. Brief detail of the procedure are given below.  
4.1 Trend detection methods  
In this parametric test, the significance of the regression line is evaluated indirectly, by assessing the significance 
of the correlation coefficient Pearson: 
ߩ ൌ ௖௢ௗ௘௩௜௔௡௖௘ሺ௑ǡ௒ሻඥௗ௘௩ሺ௑ሻௗ௘௩ሺ௒ሻ                  (11) 
High values of the correlation coefficient indicates that observed rainfall heights do vary jointly to the time 
variable, both in ascending or descending tendencies. It’s possible use the statistics t, distributed according to the 
Student distribution, to define: 
ݐ ൌ ఘξ௡ିଶሺଵିఘమሻబǡఱ           ሺͳʹሻ
where n is the sample size and U is the Pearson correlation coefficient. It is possible to test the null hypothesis   
ܪ଴ ՜ ߩ ൌ Ͳ against the alternative hypothesis ܪଵ ՜ ɏ ് Ͳ comparing the test statistic with the critical value tD/2. If t 
is larger than tD/2 , the null hypothesis of no trend is rejected. The Pearson’s test can be applied only if the 
observations of maximum annual rainfall heights of different duration are normally distributed. This condition has 
been verified with the application of the Jarque-Bera test.  
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One of the most used non-parametric test for the detection of monotonous trend (linear or not) is the test of 
Mann-Kendall [18,19]. Given a time series of observations ୲, with t = 1, ..., T (sample size), the test is based on the 
comparison of pairs of observations (୧, ୨), with  ൐  to determine whether ୧ ൐ ୨ or ୧ ൏ ୨. The test statistic is 
expressed formally by the relationship : 
ܵ ൌ σ σ ݏ݃݊൫ ௝ܺ െ ܺ௞൯௝்ୀ௞ାଵ்ିଵ௞ୀଵ          ሺͳ͵ሻ
where 
1..... 0
sgn( ) 0 ..... 0
1..... 0
 T !­°T  T  ®° T ¯
               (14) 
Under the hypothesis of independent and randomly distributed x random variable, when n ı 8, S statistic is 
approximately normally distributed, with zero mean and variance as follow: 
   
18
5n21nn2  V                 (15) 
As a consequence, the standardized Z statistics follows a normal standardized distribution: 

°°¯
°°®
­

 
!
 
01
00
01
SifS
Sif
SifS
Z
V
V           ሺͳ͸ሻ
The hypothesis that there is no trend is rejected when the Z value computed by eq (16) is greater in absolute value 
than the critical value Z D, at a chosen level of significance D. 
The Sen’s test [20] is a non-parametric procedure providing a robust estimates for the magnitude of trend at the 
correspondent significance. The sample slope for each location is: 
௜ܳ ൌ 
ݔ௝ െ ݔ௞
݆ െ ݇ ݂݋ݎ݅ ൌ ͳǥ ǡܰ
ᇱ
where ݔ௝and ݔ௞ are the data values at times ݆and ݇ (݆ ൐ ݇), respectively, ܰᇱ is the number of data pairs for which 
݆ ൐ ݇. The median value of ܰǯ values of ܳ, S, is the Sen’s estimator of trend, computed as: 
൝
ܵ ൌ ܳሺேᇲାଵሻȀଶ݂݅ܰᇱ݅ݏ݋݀݀
ܵ ൌ ொಿᇲȀమାொሺಿᇲశమሻȀమଶ ݂݅ܰᇱ݅ݏ݁ݒ݁݊
        ሺͳ͹ሻ
To assess whether the median slope is statistically different from zero, the confidence interval for S, for a given 
level of significance D, has to be computed. The confidence interval [21] can be computed as follows: 
ܥఈ ൌ ܼଵିఈȀଶඥܸܽݎሺܵሻ          ሺͳͺሻ
where ܸܽݎሺܵሻ is defined by: 
ܸܽݎሺܵሻ ൌ ଵଵ଼ ൣ݊ሺ݊ െ ͳሻሺʹ݊ ൅ ͷሻ െσ ݐ௣൫ݐ௣ െ ͳ൯ሺʹݐ௣ ൅ ͷሻ
௤
௣ୀଵ ൧    ሺͳͻሻ
and q is the number of values for which there are ties and ݐ௣ is the number of tied measurements for a particular 
value. ܼଵିఈȀଶ is obtained from the standard normal distribution table. The approximate normal theoretical lower and 
upper confidence limit are respectively the ܯଵth largest and the (ܯଶ + 1)th largest of value of ܳ, where: 
ܯଵ ൌ
ܰǯ െ ܥఈ
ʹ Ǣܯଶ ൌ
ܰǯ ൅ ܥఈ
ʹ ሺʹͲሻ
The slope S is statistically different from zero if the two limits Q(M1) and Q(M2) have same sign.  
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4.2 Trend detection analysis results 
The illustrated tests have been applied to detect for linear trend in long-term maximum annual rainfall heights of 
different duration (10, 20, 30 min, and 1, 2, 3, 6, 12, 24 h), for the data set of the 4 homogeneous rain gauge stations 
in the Solofrana river basin, over the period from 1920 to 2013. For each gauging station and for each test, Table 3, 
4,5 and 6 indicate the relevant results, for a significance level D = 10%. The Sen’s slope S is reported along with the 
results in terms of trend significance for each of the mentioned tests. 
As the time series patterns for each station produces different tendency, but essentially because the number of 
rain gauge stations is rather limited, it appears quite difficult to comment on a general tendency for the river basin 
under investigation. Regardless for the test significance, the robust S Sen’s slope estimator appear to be consistently 
positive, for the different stations and the different rainfall duration, entailing an overall tendency toward an increase 
in maximum sub-daily rainfall heights and consequently intensity. Rainfall heights, compared to maximum annual 
average for different duration, increase on average of about 5-10% (on a ten year base). Larger increase occurs for 
the Mercato San Severino station, where sub-hourly rainfall heights increases up to 40% (on a ten year base). As an 
example, Figure 4 illustrates the temporal pattern of maximum annual 24 h rainfall height for the four analyzed rain 
gauge stations.  
Table.3 Baronissi rain gauge station trend detection analysis results. 
Duration mean max annual 
rainfall (mm) 
S 
(Sen’s slope) 
Pearson’s test Mann Kendall test Sen’s test 
10 min 14.4 0.05 Not significant Not significant Not significant 
20 min 21.76 0.09 Not significant Not significant Not significant 
30 min 26.42 0.07 Not significant Not significant Not significant 
1 hour 39.18 0.06 Not significant Not significant Not significant 
3 hours 62.58 -0.13 Not significant Not significant Not significant 
6 hours 76.65 -0.11 Not significant Not significant Not significant 
12 hours 88.90 0.03 Not significant Not significant Not significant 
24 hours 95.90 -0.57 Not significant Significant Not significant 
Table.4 Forino rain gauge station trend detection analysis results. 
Duration mean max annual 
rainfall (mm) 
S 
(Sen’s slope) 
Pearson’s test Mann Kendall test Sen’s test 
10 min 13.94 0.1 Not significant Significant Not significant 
20 min 19.10 0.16 Significant Significant Not significant 
30 min 23.14 0.17 Significant Significant Not significant 
1 hour 35.02 0.19 Significant Significant Not significant 
3 hours 43.56 0.19 Significant Significant Not significant 
6 hours 55.86 0.24 Significant Significant Not significant 
12 hours 73.59 0.30 Significant Significant Not significant 
24 hours 95.91 0.39 Significant Significant Significant 
Table.2 Mercato San Severino rain gauge station trend detection analysis results. 
Duration mean max annual 
rainfall (mm) 
S 
(Sen’s slope) 
Pearson’s test Mann Kendall test Sen’s test 
10 min 12.66 0.12 Not significant Not significant Not significant 
20 min 18.64 0.20 Not significant Not significant Not significant 
30 min 23.74 0.29 Not significant Not significant Not significant 
1 hour 35.38 1.48 Not significant Not significant Not significant 
3 hours 51.14 0.09 Not significant Not significant Not significant 
6 hours 69.15 0.12 Not significant Not significant Not significant 
12 hours 85.42 0.10 Not significant Not significant Not significant 
24 hours 90.10 -0.11 Not significant Significant Not significant 
Table.6 Serino rain gauge station trend detection analysis results. 
Duration mean max annual 
rainfall (mm) 
S 
(Sen’s slope) 
Pearson’s test Mann Kendall test Sen’s test 
24 hours 80.05 0.24 significant Significant significant 
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With reference to the significance of the linear trend, provided by the different tests, differently from the case of 
change point analysis, the results appear to have more consistency. Baronissi (Table 3) and Mercato San Severino  
(Table 5) tendencies do not appear significant for none of the durations, with an exception for 24 h rainfall heights, 
significant according only to the Mann-Kendall test. Forino rain gauge station tendencies (Table 4) appear contrarily 
significant, for all of the durations, according to two of the three applied tests. Significant for all of the three tests 
appear the 24 h trend for the Serino rain gauge station (Table 6). 
 
 
Fig. 4. Maximum annual 24 h rainfall time series for the four investigated rain gauge stations. 
5. Conclusions  
The paper has reported the results of an investigation of temporal changes in extreme rainfall within a particular 
area of southern Italy, the Solofrana peri-urban catchment, where flooding and landslides events occurred rather 
frequently, especially during the last years. Long-term maximum annual rainfall heights of different duration (10, 
20, 30 min, and 1, 2, 3, 6, 12, 24 h) data have been analyzed for five rain-gauge stations close to the watershed area 
but one of them has resulted in a not homogeneous time series. It appears quite difficult to comment on a general 
tendency for the river basin under investigation, since the time series patterns for each station produces different 
tendency, but essentially because the number of rain gauge stations is rather limited. The robust S Sen’s slope 
estimator appear to be consistently positive, for the different stations and the different rainfall duration, entailing an 
overall tendency toward an increase in maximum sub-daily rainfall heights and consequently intensity, of about 5-
10% (on average, on a ten year base). Similar trends, in extreme precipitation, appear consistent with the results 
illustrated for a geographical contiguous area [9] but are significant (D = 10%) only for two of the rain gauges, in 
particular for the two station located on the main relief of the investigated watershed. More investigation about the 
potential impact of orographic effect on extreme rainfall in the studied region would be however needed to confirm 
the hypothesis of a relationship between orography and extreme  heavy precipitations. 
The illustrated results seems to indicate that climate variability has not assumed the main role in the increase of 
the numbers of severe events occurred within the studied river basin during the last fifteen years. More detail about 
the study will be given in [11].  
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